Abstract. Studies of mammalian fertilization progressed very slowly in the beginning because of difficulties in obtaining a large quantity of fully mature eggs at one time. With progression of techniques to collect and handle eggs and spermatozoa, research in mammalian fertilization advanced rapidly. Today, far more papers are published on mammalian gametes and fertilization than those of all other animals combined. The development of assisted fertilization and related technologies revolutionized basic research as well as human reproductive medicine and animal husbandry. Reproduction is fundamental to human and animal lives. The author lists a few subjects of his personal interest for further development of basic and applied research of gametes and fertilization. Each reader will probably have more exciting subjects of future investigation. Key words: Assisted fertilization, Egg, Fertilization, ICSI, Sperm 
A
lthough it was known from ancient times that the eggs of birds and frogs were the start of new life, no one was certain whether this was true for mammals until Karl von Bare 1792-1876 (1827) discovered tiny eggs within dog and human ovaries. Interestingly, spermatozoa had been discovered 150 years earlier by Anton van Leeuwenhoek 1632-1723 (~1676)* and a medical student of Leiden, Johan Ham who saw many tiny tadpole-like creatures ("animacules") within human seminal plasma. Leewenhoek later saw same creatures in the semen of the rabbit, dog and fish. He thought that they were normal components of semen originating from the testis. Obviously, Leeuwenhoek saw spermatozoa without knowing their exact biological role. It was not until 1840s-1870s when it became clear that spermatozoa and eggs of all animals, large or small, are cells [Albert von Koelliker (1840) ; Karl Gegenbaur (1861)] and that sperm entry into the egg -in particular the union of sperm and egg nuclei (sygamy) -is the essence of fertilization and provides cytological evidence of biparental inheritance [Edouard van Beneden 
Studies of Mammalian Fertilization
The analysis of animal fertilization began from the start of the 20 th century. Because invertebrate animals such as sea urchins and starfish produce millions of mature eggs at one time and their fertilization and embryo development can be followed readily in a dish of seawater, most of the early and important investigations of fertilization were done using gametes of aquatic invertebrate animals. In mammals, even after induction of superovulation, only a few eggs (usually up to [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] can be obtained from a single female. Furthermore, eggs are normally fertilized and develop within the female's body, which makes observations and experiments of eggs cumbersome. Because most investigators of mammalian eggs and fertilization used fixed and stained materials, the study of mammalian fertilization progressed very slowly. It was Colin "Bunny" Austin who disclosed many details of mammalian fertilization using the newly developed phase-contrast microscope that allowed spectacular imaging of living cells without staining (for review, see Austin [2] ). Studies of mammalian gametes and fertilization studies were boosted by the discovery that mammalian spermatozoa need to be "capacitated" to become fertilization competent [3] [4] [5] . The use of electron microscopy (since 1950s) and development of the techniques that allowed in vitro fertilization (IVF) of eggs and in vitro culture of fertilized eggs (since 1960s) accelerated the progress of fertilization studies in mammals. With the advent of new technologies, such as micro-biochemical, molecular biological, and gene manipulation technologies, the progress of mammalian gametes and fertilization research became even faster (for reviews, see Table 1 ). Today, the number of papers dealing with mammalian fertilization (including humans) far exceeds that of papers reporting fertilization in all other animals combined. Nevertheless, many important questions concerning mammalian fertilization remain unanswered as follows. (a) Does the temporal sperm storage in the oviduct isthmus occur in all animals including primates and human before in vivo fertilization? (b) Is phagocytosis of "surplus" spermatozoa by the epithelium of female genital tract just for "cleaning" of the tract or something else? (c) Do mammalian eggs, follicular fluid components in the oviduct ampulla or the cumulus oophorus really attract spermatozoa "chemotactically"? (d) Is it possible to shorten or even bypass capacitation so that epididymal or ejaculated spermatozoa could fertilize cumulus-and zona pellucida-intact eggs without any delay after insemination? (e) What is/are the natural trigger(s) of sperm acrosome reaction: oviduct fluid, cumulus or zona pellucida? (f) Do spermatozoa pass through the cumulus oophorus and zona pellucida purely mechanically or aided by lytic substances including enzymes? (g) Why spermatozoa cannot go from the inside out of the zona pellucida? (h) Is phospholipase C-zeta in spermatozoa the real or the sole sperm-born egg-activating factor? (i) Do unfertilized eggs, zygotes and preimplantation embryos, and even spermatozoa in the oviduct send some sort of chemical "messages" to the mother?
In Vitro Fertilization (IVF): History and Today
Pioneer researchers considered IVF not only as a power tool for analytical studies of fertilization processes, but also as a means of facilitating animal reproduction and overcoming female infertility caused -for example -by oviduct occlusion or disease. Attempts to fertilize mammalian eggs in vitro go back to 1870s when Schenk [42] first reported cleavage of guinea pig eggs after in vitro insemination using epididymal spermatozoa. Although Pincus and Enzmann [43] and Venge [44] reported the birth of IVFgenerated rabbit pups, it was not until 1954 when Thibault et al. [45] and Chang [46] presented unequivocal evidence of successful IVF, again using the rabbit. The use of "capacitated" spermatozoa collected from the uterus of mated females was the key to their success (for early history of IVF, see Austin [2] ; Chang [47] ). Table 2 lists the years when first IVF and intracytoplasmic sperm injection (ICSI) offspring were obtained in mammals including the human. Mammalian IVF was first achieved in the rabbit; the trick was to use in vivo "capacitated" spermatozoa, not epididymal or ejaculated spermatozoa [46] . In fact, in vitro capacitation of ejaculated rabbit spermatozoa was difficult until Brackett and Oliphant [47] found that 5 min of treatment with a hypertonic medium (380 mOsmol) prior to incubation in isotonic medium (305 mOsmol) capacitate them fairly well. More efficient rabbit sperm capacitation was achieved by Zeng et al. [48] who added excess (10 mM) NaHCO 3 to each of the hypertonic and isotonic media. We often hear that sperm capacitation and IVF in some animals are very difficult or impossible. It is we who do not know the tricks. For example, we should remember that human IVF used to be very difficult and now is one of the easiest to achieve.
As we know there is no single medium that supports sperm [2, 9] Sperm-cumulus interaction [30, 31] Sperm maturation in epididymis [10] [11] [12] Sperm-zona interaction [32] [33] [34] [35] Sperm transport in female tract [13, 14] Sperm-egg fusion [17, 36, 37] Sperm capacitation [15] [16] [17] [18] [19] Egg activation [38, 39] Sperm acrosome reaction [20] [21] [22] [23] Centrosome and syngamy [40, 41] * Leeuwenhoek was an unlikely scientist. He was a fabric merchant who lived in Deft, Holland. He received no higher education. As a young man he was interested in a glass magnifier to examine the quality of cloth. In 1665, Robert Hooke's illustrated book "Micrographia" had been published. Being impressed by many beautiful drawings in the book (flea, sections of cork and etc), Leeuwenhoek started to make a single lens microscope (magnifier) using his spare time. What Leeuwenhoek and many others found was that the smaller the lens and greater the radius of curvature, the greater the magnification. Judging from the details of his drawings, some of Leeuwenhoek's microscopes must have had a magnification of up to 400-500 times with a maximum resolution of nearly 1 µm. He examined almost everything he could put under his microscope. His superb drawings (e.g., bee's mouthparts and sting and thin sections of animal and plant tissues) impressed his shop's customer Regnier de Graaf 1641-1673 , a physician and anatomist, who was a young member of the Royal Society of London. He wrote a letter about Leeuwenhoek to the Secretary of the Society. Starting from 1673, Leeuwenhoek's random illustrations with notes in conversational style were translated into Latin (scientific language of the time) and published as letters in the Society's official journal, Philosophical Transactions of the Royal Society of London. During next 50 years he sent 560 letters to the Society. He was secretive about lens making and never gave his microscopes to others while he was alive. Leeuwenhoek was the first to discover protozoa in pond water (1674), bacteria in mouth (1676), spermatozoa (1677), muscle fiber (1682) among many others. His insatiable curiosity, extraordinary tenacity and skill are remarkable. His caution not confusing the facts with his speculation is admirable. Leeuwenhoek was elected as a member of the Royal Society of London in 1680, but he never visited the Society as its member. For more interesting stories about him, readers are referred to internet and a book by Ford [1] .
capacitation and fertilization in all species of mammals. A medium which is excellent for IVF of one species is often not at all suitable for IVF for other species, even if they are closely related. The internal milieu (fluid) in the female genital tract of one species must have evolved independently from that in all other species. An interesting example is the IVF medium for the golden hamster. Spermatozoa of this species require a low concentration of neurotransmitters such as taurine, hypotaurine and epinephrine (all with antioxidant activities) in the medium for their survival and capacitation [49] [50] [51] . Human and bovine spermatozoa, unlike hamster spermatozoa, do not need such substances for their survival. They already contain at least taurine and hypotaurine [52] . Apparently, golden hamster spermatozoa do not contain such substances or even if they do, they cannot retain these intracellularly or require them in the medium.
Human IVF
The claims of successful human IVF by early pioneers (e.g. [53, 54] ) was not convincing. The "cleavages" of eggs that these researchers considered as evidence of fertilization could be fragmentation of degenerating eggs [2] . It was in the 1960s when several researchers and their teams began to work on human IVF: P. Steptoe and R. Edwards 1926-in England, M. Hayashi in Japan, P. Soupart and H. Jones 1910-in the United States, and A. Lopata 1939-in Australia among few others. Steptoe and Edwards [55] were the first to produce an IVF baby after more than 100 unsuccessful attempts. This baby developed from an egg matured in vivo and fertilized in vitro. Subsequent technical improvements of IVF by Edwards' team and others were rapid [56, 57] . In 1980, about 80% of assisted fertilization was performed in university hospitals. Today over 80% of assisted fertilization is performed in private clinics. Bob Edwards' receipt of the 2011 Nobel Prize in Medicine was a real delight to all of us who engage in reproduction research and work in fertility clinics. One should be aware that Edwards (Ph.D) started his career as a basic reproductive biologist, collaborated with Steptoe (MD), and overcame all sorts of difficulties including resistance and criticisms from both scientific and non-scientific communities during the entire course of his endeavor. For the story behind his success, readers are referred to a memoir written by Edwards himself [58] .
Intracytoplasmic Sperm Injection (ICSI)
The first injection of spermatozoa into mammalian eggs was done by Uehara and Yanagimachi [59] . This used the golden hamster, whose eggs well tolerate a small puncture of the plasma membrane. We started this experiment from simple curiosity. Testicular spermatozoa are known to be incapable of fertilizing eggs under normal conditions. They are barely motile even though their nuclei have completed the meiosis. We wonder what would happen if we injected a sperm head (nucleus) into an egg? Would the egg start to develop? Even if it does not, it is interesting to know. When we reported that hamster sperm nuclei (from epididymis and testis) and even freeze-dried human sperm nuclei are capable of decondense and transform into fully developed pronuclei, our papers [59, 60] were largely ignored by others except for a few who used the ICSI technique for analysis of the interactions between sperm nucleus and egg cytoplasm (e.g., [61, 62] ).
The first ICSI babies were born using the rabbit [63] followed by the cow [64] . The birth of the first human ICSI babies was reported by Palermo et al. [65] . Table 2 lists the years when the first ICSI (and IVF) offspring were obtained in various species. For the history of animal and human ICSI, readers are referred to Yanagimachi [89] .
ICSI has been very successful in the mouse and human [89] . It is somewhat surprising that ICSI has not been very successful in farm animals [90] . The reason for this is not clear, but it could arise from the injection of spermatozoa with "intact" or "almost intact" plasma membranes. As pointed out by Yanagimachi [89] , sperm plasma membrane (of both head and tail regions) does not enter the egg during natural fertilization and therefore sperm's intracellular components (including the nucleus and centrosome) are quickly exposed to the egg cytoplasm after sperm-egg fusion. When a plasma membrane-intact spermatozoon is injected into an egg, sperm's plasma membrane might not break down or breaks down long after injection. This would prevent or delay activation of the egg and/or the development and union of the male and female prononuclei [91] . Introduction of sperm acrosome (containing various hydrolyzing enzymes) into egg cytoplasm by ICSI, which never takes place during natural fertilization, may damage the egg's cytoplasmic components including cytoskeleton system.
For successful mouse ICSI, only the sperm nucleus (with haploid genome) and the perinuclear materials (containing egg-activating factor) are necessary [92, 93] . In human ICSI, a functional sperm centrosome must be injected with a sperm nucleus into the egg to ensure the successful union of male and female pronuclei [94. 95] . In 1990, 100% of human assisted fertilization were by IVF. Today, 60-100% of human eggs in infertility clinics are inseminated by ICSI because of ICSI' s high efficiency and requests from aging patients who desperately want to have their first baby as soon as possible, even if ICSI is not necessarily the first choice of treatment.
Other Assisted Fertilization Technologies
Before the advent of human ICSI, partial zona dissection (PZD), subzona-insemination (SUZI) and gametes intra Fallopian transfer (GIFT) were used when eggs were not fertilized well by conventional IVF. As success rates of these techniques remained low [96] , today's fertility clinics seldom use these techniques. However, we should be aware that GIFT is the only assisted fertilization the Vatican approves as it entails fertilization in vivo.
Human spermatozoa collected from the testis are as effective as those from semen in producing ICSI babies [97] . While some clinicians reported birth of healthy babies after injection of round spermatids into eggs (e.g. [98] ), others failed to do so (e.g. [99, 100] ). The American Society of Reproductive Medicine [101] recommended that round spermatid injection (ROSI) should not be performed when more mature forms (elongated spermatids or spermatozoa) are available for ICSI. It recommended clinicians to consider ROSI as experimental and that candidates for ROSI should be informed of the potential risks of the procedure.
By contrast, mouse ROSI is far more successful than human ROSI. Many healthy fertile mouse offspring were born after ROSI in various laboratories. Even live offspring were obtained after injection of spermatocyte nuclei [89, 102] . The earlier the stage of spermatogenesis, the more difficult it has been to obtain live offspring. This could partly caused by epigenetic errors in the zygotes generated by the use of spermatid [103] and spermatocyte nuclei. Lack of "maturation" of the centrosome in pre-spermatozoal cells could attribute to the poor development of zygotes [104] .
Some Other Important Breakthroughs Associated, Directly and Indirectly, to Assisted Fertilization

Induction of superovulation
A large South American rodent Plains Viscacha, weighing up to 9 kg, ovulates 200-800 eggs at one time during natural estrous cycle, but only few embryos implant, and only two are usually born [105] . In most other animals only 1 to 10s eggs are ovulated at one time. Many pioneers induced superovulation by injection of crude or partially purified preparations of gonadotrophins. Pincus [106] , for example, obtained up to 80 eggs from a single female rabbit by consecutive injections of FSH and LH. Superovulation in adult female mice by PMSG and HCG injections, which is routinely performed today in basic studies of fertilization and embryo development was first achieved by Edwards and his associates [107, 108] , for which Edwards and his associates well deserve another Nobel Prize in the author's personal opinion. The induction of superovulation in highly productive cows, insemination using frozen-thawed spermatozoa of a superior bull, and non-surgical transfer of preimplantation embryos [109] to sturdy surrogate cows, have been performed successfully in the cattle industry world-wide [110, 111] .
Cryopreservation of spermatozoa and eggs
Deep-freeze preservation of mammalian eggs and spermatozoa (as well as many other types of cells) makes it possible to keep them "alive" almost indefinitely. Its contribution to basic research as well as medical and agricultural practice is immense. Jean Rostand was the first to report cryoprotective action of glycerol on frog spermatozoa, but it was Chris Polge who put glycerol into the limelight [112, 113] . For an interesting story of the fortuitous discovery of glycerol as cryoprotectant, readers are referred to Hunter [114] . Today, most of daily and beef cattles are inseminated with freeze-thawed spermatozoa world-wide. Long-term cryopreservation of spermatozoa is also successful in a variety of animals and human. Spermatozoa of the mouse, which are commonly used for the basic study of fertilization, can be cryopreserved using raffinose as cryoprotectant [115] . Perhaps, the simplest way to cryopreserve mouse spermatozoa is to maintain the whole body of an euthanized male (or isolated testes) frozen at constant temperature of -20 C . When needed, the body or testis is defrosted, spermatozoa are retrieved, their heads (nuclei) are isolated and injected into eggs microsurgically. Spermatozoa are technically "dead", but sperm nuclei are able to produce normal offspring by ICSI even after 15 years storage of frozen bodies [116] . Cryopreservation of mammalian eggs (preimplantation embryos) first succeeded in the mouse [117] . Today, we are able to cryopreserve spermatozoa, eggs and preimplantation embryos of various mammals including the human [118] [119] [120] .
Sexing of spermatozoa
The presence of X-and Y-chromosome-bearing spermatozoa in mammals has been known for a long time. Most researchers, including the author himself, thought that it would be extremely difficult or impossible to separate X-and Y-bearing spermatozoa because of very small (3 to 4%) difference in DNA mass in their nuclei. We were wrong. Since Johnson and his associates first succeeded in separating X-and Y-rabbit spermatozoa [121] , the steady improvement of the flow cytometric method [122] made it possible to sexing spermatozoa with 85-95% accuracy in various species including sheep, pig, horse, elk, cat, dog and human [123, 124] . The production of sexed frozen semen of the bull has been commercialized [125] .
Transgenesis and the use of gene-knockout animals
Animal transgenesis was pioneered by Jaenisch and Mintz [126] , Gordon et al. [127] and the gene knockout technology by Thomas and Capecchi [128, 129] . These advances were truly revolutionary. Hundreds of transgenic mice have been produced for basic studies of basic biological processes as well as the production of many farm animals with desirable characteristics [130] [131] [132] . Gene knockout of laboratory animals, in particular mice, became an essential tool for our understanding the functions of genes in all biological processes including mammalian gametogenesis [133, 134] and fertilization [29, 30, 37] .
Future Research
Although the most exciting discoveries are almost always unpredictable, the author dares to list several subjects that he hopes will come true.
Mass production of mature gametes in vitro
As a researcher of animal fertilization, the author sacrificed a great many animals. This must be true for almost all researchers who engage in the studies of gametes and fertilization. If we were unable to induce superovulation in the mouse, for example, we would have needed to sacrifice 3-4 times more females than we did. If we could produce unlimited number of mature eggs and spermatozoa in vitro from few primordial germ cell, embryonic stem (ES) cells or induced pluripotent (iP) cells, we would no longer have to sacrifice so many animals for gamete research alone. The production of mature eggs (mouse) from very small follicles [135] and fish (eel) spermatozoa from spermatogonia [136] is possible today. According to Stukenborg et al. [137] , mouse spermatogenic cells before entering meiosis can develop in vitro to morphologically normal spermatozoa. Perhaps within several decades we should be able to mass produce fully mature eggs and spermatozoa of economically valuable animals any time of the year.
Selection of genomically normal gametes and zygotes
In animals, the birth and survival of offspring with severe abnormalities are prevented by spontaneous abortion and infanti-cide. Spontaneous abortions of embryos and fetuses with severe congenital abnormalities occur in humans as well. What we have to be concerned with most is the birth of children with relatively minor defects, which may or may not threaten life. As all parents who need help from assisted fertilization-like all other parentswant their children to be healthier and happier than themselves, all efforts should be directed to avoid the use of genetically and epigenetically aberrant gametes for assisted fertilization. It is most unlikely that morphological, physical, and biochemical characteristics of gametes and early embryos can predict genetic normality and abnormality of offspring. Non-invasive genomic and epigenetic analyses of zygotes and early embryos would be preferable to distinguish normal and aberrant genetic status of future offspring [138] . A personal human genome analysis cost $3 billions in 1990. This price is rapidly reducing and was down to US $5,000 in 2009. It might even reduce to US $ 100 before long. Complete genomic and epigenetic analyses would not be necessary. Even the detection of several most common genetic and epigenetic aberrations in embryos would greatly reduce the chance of the birth of adversely affected offspring. Couples in advanced age and those with high risks of transmitting aberrant genetic and epigenetic factors to their offspring would benefit most from the genetic diagnosis of preimplantation embryos [139] .
Sex pre-selection of spermatozoa
For species whose spermatozoa show considerable variations in sperm head size and shape (e.g., humans), determination of DNA concentration of individual spermatozoa and insemination by ICSI would be a better method for avoiding transmission of defective Y-chromsome, for example, to offspring.
Long-term preservation of spermatozoa at ambient temperature
The use of deep freezers for sperm preservation is cumbersome. It would be ideal if we could preserve spermatozoa at ambient temperature indefinitely. Freeze-dried or vacuum-dried mouse spermatozoa can be kept (shipped) at room temperature for a few weeks without loosing their fertility (by ICSI), but not indefinitely [140] . This is true for mouse spermatozoa desiccated and stored in treahalose medium at 20 C [141] . Tateno et al [142] found that mouse spermatozoa kept in 70% ethanol at -20 C for 1 day could produce live offspring by ICSI, but not after longer storages in the ethanol; sperm chromosomes were damaged extensively after long sojourn in ethanol. It could be sperm proteins, not DNA, that are damaged by ethanol. Someday, it may become possible to keep spermatozoa (or their nuclei) "alive" at ambient temperature indefinitely.
Freezing of fish eggs
The eggs with small amounts of yolk (like those of eutherian mammals) can also be kept frozen, but not those with large amount s of yolk (e.g., fish eggs). When trout eggs were frozen and defrosted, they looked fine at first, but soon all disintegrated. Egg plasma membranes seemed to be vulnerable to freeze-thawing (Yanagimachi and Sankai, unpublished data). If we can keep fish eggs and spermatozoa frozen without losing their fertility for months or years, it would not only facilitate basic research of fish fertilization, but also benefit fish breeding in hatcheries.
Conversion of somatic cells to germ cells
Since Toyooka et al. [143] and Huebner et al. [144] reported development of sperm-like and egg-like cells from mouse embryonic stem (ES), many investigators confirmed that ES cells as well as iP cells can develop into "spermatozoa" and "egg" in vivo or in vitro [145] [146] [147] . It should be noted that none of the investigators thoroughly examined the cell's meiotic processes and germ cellspecific genomic imprintings. Mere examinations of the cell's gross morphology, DNA concentration and the expression of few germ cell-specific genes are not enough to determine if the cells are really functional spermatozoa and eggs. Recent study by Hayashi et al. [148] is noteworthy. They first converted ES cells or iPS cells into primordial germ cell-like cells (PGCLCs) which was transferred into seminiferous tubules of 7-9 day old infant males. When examined 8-10 weeks later, some tubules contained spermatozoa developed from transplanted PGCLCs. These spermatozoa could produce fertile male and female offspring by ICSI. Someday, we should be able mass-produce spermatozoa and egg in vitro without using testes or ovaries. "Eggs and spermatozoa" thus produced do not need to look like ordinary eggs and spermatozoa. As long as their nuclei are truly haploid and properly imprinted, they can be used as substitutes for the nuclei of normal egg and spermatozoa. Mature eggs from donors, which nuclei have been removed, would be safe vehicles for the haploid nuclei thus produced.
Transgenic animals
ES cell-mediated transgenesis is site-specific, but it is technically cumbersome and time-consuming. Hopefully site-specific transgenesis as reported by Tasic et al. [149] move the field in the right direction of the development of a safe and efficient transgenesis in laboratory animals and economically valuable animals. As to farm animals, odor emission from livestock operations is a very serious problem to nearby residents. It certainly discourages many young fellows from entering animal-related industries. Odor of house pets is not a desirable thing for owners as well as visitors and neighbors. Elimination or at least great odor reduction from animal excretions should be attempted using gene manipulation technologies.
